espite the tremendous progress in clinical cardiology, sudden cardiac death remains a major unsolved clinical issue. 1,2 As possible mechanisms of sudden cardiac death, certain roles of the sympathetic nervous system have been suggested because there is ample experimental, clinical and therapeutic evidence to support the hypothesis that sympathetic hyperactivity favors the onset of life-threatening arrhythmias. [3] [4] [5] [6] A number of studies have examined how sympathetic nerve activation modulates the electrophysiological characteristics of the heart, especially ventricular repolarization. A shortening of the action potential duration (APD) 7 and refractory period 8,9 following sympathetic nerve stimulation have been reported.
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Sudden stress is known to immediately evoke life-threatening arrhythmias in subjects who have certain predisposing conditions, 3, 10, 11 suggesting that sudden sympathetic activation can abruptly render the heart vulnerable. Most previous studies, however, have focused on the steady-state electrophysiological response of the heart to sympathetic activation and the transient electrophysiological response to sympathetic activation remains unclear. In the present study, therefore, we investigated the dynamic response of APD to sudden sympathetic stimulation using monophasic action potential (MAP) recording.
Methods

Animal Preparation
Animal care was in accordance with the 'Guideline Principles for the Care and Use of Animals in the Field of Physiological Science' approved by Physiological Society of Japan. Experiments were performed on 10 cats of both sexes weighing 2.2-3.8 kg. The cats were anesthetized by intraperitoneal injection of pentobarbital sodium (30-35 mg/kg) and additional anesthetic (pentobarbital sodium 2.0 mg) was injected intravenously as needed to maintain the appropriate level of anesthesia. Cats were intubated using a cuffed endotracheal tube and mechanically ventilated with oxygenated air using a constant volume cycled respirator (Model SN-480-3, Shinano Inc, Tokyo, Japan). Polyethylene catheters were inserted into the femoral artery and vein for blood pressure (BP) recording and administration of fluids and drugs. Physiological saline was infused at a rate of 5 ml/h to replace spontaneous fluid loss. Each cat was placed on a heating pad. Throughout the experiment, body temperature, arterial blood gases and pH were maintained within their respective physiological ranges. A midline cervical incision was made and the bilateral vagal nerves were identified and were severed to eliminate the vagal effects on the heart. Right and left stellate ganglia were exposed by removing part of the second rib on either side and were carefully isolated from the surrounding tissue. The proximal and distal connections were cut to decentralize each ganglion. A pair of platinum electrodes was attached to each of the cardiac sympathetic nerves to provide electrical stimulation. To prevent drying and to provide insulation, the stimulation electrodes and nerves were soaked in a mixture of white petrolatum (Vaseline) and liquid paraffin. The heart was exposed through a midsternotomy and was suspended in a pericardial cradle. A pair of bipolar electrodes was attached to the right ventricular apex for ventricular pacing. When atrioventricular dissociation was present during ventricular pacing, the right atrium was paced simultaneously to prevent competition for ventricular capture. The heart was paced at a constant rate to eliminate the effect of changing heart rate on APD. For recording of the MAP, a specially designed silver-silver chloride bipolar contact electrode catheter was inserted through the cervical vein and positioned with its tip electrode against the endocardium of the right ventricle. 12 
Data Recording and MAP Analysis
The MAP, body surface electrocardiogram (ECG) and BP were continuously recorded during constant pacing at a cycle length of 350 ms. The MAP signals were amplified with a DC coupled differential amplifier (AB651J, Nihon Kohden, Tokyo, Japan) at a frequency range from 0.08 to 1,000 Hz. All data were digitized at 2,000 Hz with the aid of a 12-bit resolution analog-to-digital converter (AD12-16D (98)H, Contec, Osaka, Japan) hosted by a dedicated laboratory computer system (PC9801 FA, NEC, Tokyo, Japan). We measured MAP duration at 90% repolarization (MAPD90) and at 30% repolarization (MAPD30) in each beat using custom-made software. The error of measurement was ±0.5 ms.
Experiment Protocols
The dynamic changes of MAPD90 in response to stepwise sympathetic stimulation were examined. After confirmation of stable MAP recording for 20 min, we stimulated both sympathetic nerves for 300 s. The standard deviation of MAPD90 during the control recording (300 s) was 0.94 ms. Pulses used for the stimulation consisted of a square wave of 2 ms, 3 Hz, and 5 V. The sympathetic stimulation gradually increased the mean BP from 91.4±17.1 mmHg to 110.5±17.9 mmHg.
To clarify the contribution of the -and -adrenergic receptors to the transient and steady-state effects of sympathetic stimulation on MAPD90, the responses of MAPD90 to sympathetic stimulation were again determined after the administration of propranolol (0.5 mg/kg iv) (n=5) or phentolamine (1.0 mg/kg iv) (n=5).
Statistics
All data are expressed as mean ± SD values. One-way repeated ANOVA was used to compare the response of MAPD90 to sympathetic stimulation. The effects of phentolamine and propranolol on the MAPD90 responses were examined by paired t test. The differences were considered significant at p-value <0.05. Fig 1A shows representative tracings of the MAP and ECG in response to sympathetic stimulation. Compared with the control (pre-stimulation), both the MAPD90 and QT interval were transiently prolonged after sympathetic stimulation (8 s after sympathetic stimulation), and then gradually shortened (120 s and 240 s after sympathetic stimulation). During sympathetic stimulation, neither early nor late afterdepolarization-like potentials were observed.
Results
Dynamic Changes of MAPD90 and QT Interval in Response to Sudden Stepwise Sympathetic Stimulation
The dynamic changes in MAPD90 (∆MAPD90) in response to sympathetic stimulation are shown in Fig 1B. MAPD90 was transiently prolonged by 5.7 ms at 8.0 s, and monotonically shortened toward a steady-state level (-9.3 ms). The QT interval was transiently prolonged by 5.9 ms at 8.0 s, and monotonically shortened toward a steady-state level (-7.8 ms). The transient response of the QT interval had a strong resemblance to that of the MAPD90 and this biphasic response of the MAPD90 and QT interval to stepwise sympathetic stimulation was consistently observed in all cats.
∆MAPD90 and the dynamic changes in MAPD30 (∆MAPD30) in response to sympathetic stimulation averaged over the 10 cats are shown in Fig2. We quantified these changes by defining 'transient prolongation' as the maximal prolongation occurring within 15 s after sympathetic stimulation, and 'steady-state shortening' as the average response in the last 30 s of 300 s stimulation. In the pre-stimulation period, MAPD90 was 194.8±13.6 ms. MAPD90 was transiently prolonged by 5.5±3.2 ms (transient prolongation) (p<0.01 vs control) at 7.0±1.3 s, and monotonically shortened toward a steady-state level (steady-state shortening, -14.5±6.9 ms) (p<0.0001 vs control) (Fig 2A) . MAPD30 was also prolonged by 4.8±5.2 ms (transient prolongation) (p<0.01 vs control) at 7.0±1.3 s, and monotonically shortened toward a steady-state level (steady-state shortening, -12.6±10.3 ms) (p<0.0001 vs control) (Fig 2B) .
Contribution of -and -Adrenergic Receptor to the Transient and Steady-State Effects of Sympathetic Stimulation on MAPD90
The dynamic changes in MAPD90 in response to stepwise sympathetic stimulation after the administration of -(phentolamine, 1.0 mg/kg iv) and -blockade (propranolol, 0.5 mg/kg iv) are shown in Fig 3. Propranolol abolished both the transient prolongation and steady-state shortening (Fig 3A) , but phentolamine did not affect either of these parameters (Fig 3B) .
Propranolol markedly attenuated the transient prolongation (6.6±4.5 to 0.2±0.4 ms, p<0.05) and steady-state shortening (-13.7±3.6 to -1.1±2.4 ms, p<0.005) (Fig 4A) . Phentolamine altered neither (4.5±0.9 to 2.9±3.1 ms, NS and -15.3±9.6 to -20.2±9.4 ms, NS, respectively) ( Fig 4B) .
Discussion
We demonstrated a biphasic response of the APD to stepwise sympathetic stimulation; that is, the APD was transiently prolonged for approximately 15s and then gradually shortened toward a steady-state level. Beta-adrenergic blockade totally abolished both the transient prolongation and the steady-state shortening of APD.
Transient Prolongation of APD in Response to Stepwise Sympathetic Stimulation
Although previous studies have reported steady-state shortening of the APD in response to sympathetic stimulation, 7,13 the dynamic response of the APD to sympathetic stimulation has not been fully defined. Some experimental and clinical studies reported a transient response of repolarization to sympathetic stimulation, but they used a brief sympathetic nerve stimulation or rapid catecholamine injection as the input stimulation, which makes it difficult to quantitatively characterize the dynamic response of APD. In the present study, we quantitatively characterized the dynamic response of the APD to sympathetic stimula- tion by using a stepwise stimulation method.
Experimental and clinical studies have shown transient prolongation of the QT interval in response to adrenergic stimulation. [14] [15] [16] Abildskov showed in dogs that either rapid injection of catecholamine or brief (2-3 s) sympathetic stimulation was followed by transient prolongation of the QT interval, whereas slow injection of catecholamine or long (1-5 min) sympathetic stimulation was followed by a shortening of the QT interval. 14 Coghlan et al reported the existence of a paradoxical early lengthening and subsequent shortening of the QT interval in response to exercise in patients with pacemaker implantation. 15 As a mechanism of the transient QT interval prolongation caused by adrenergic stimulation, it has been postulated that rapid injection of catecholanime or brief sympathetic stimulation are likely to shorten the APD at localized sites and prolong the QT interval by exposing the ECG effects of other sites that have been cancelled. 14, 16 On the other hand, Murayama et al showed that brief (3 s) satellate stimulation prolonged the APD in dogs, 17 and the results of the present study indicate that stepwise sympathetic stimulation substantially prolongs the APD. We propose that transient QT prolongation after adrenergic stimulation is caused by both substantial APD prolongation and the unmasking of the repolarization force, which previously cancelled each other.
Our findings were basically in accordance with the observations made by Abildskov 14 and Coghlan et al. 15 The precise response of the APD to sympathetic stimulation, however, was slightly different from that of the QT interval. Brief sympathetic stimulation or rapid injection of catecholamine prolonged the QT interval by 10-30 ms in the study of Abildskov, 14 but the transient prolongation of the APD after sympathetic stimulation was 5.5±3.2 ms in the present study. The QT interval was prolonged at the first minute of exercise in the study of Coghlan et al, 15 but the shortening of the APD occurred within the first minute of our study. Such differences may be related to the different ways of inducing sympathetic activation and quantifying repolarization.
Mechanism of the Transient Prolongation of the APD
We considered that the hemodynamic effect was not a major factor in the APD prolongation because its onset preceded the increase in BP following sympathetic stimulation.
Beta-blockade abolished both the transient prolongation and steady-state shortening of the APD after sympathetic stimulation. Alpha-blockade, however, had no significant effects on either, which indicates that the transient and steady-state response of APD to stepwise sympathetic stimulation are mediated through the -adrenergic receptor, with minimal contribution of the -adrenergic receptor.
Although -adrenergic stimulation has the potential to prolong repolarization by decreasing the transient outward current (Ito) and the delayed rectifier current (Ik), 18, 19 our findings suggest that -adrenergic stimulation transiently prolonged APD. The effects of -adrenergic stimulation are mainly mediated by the activation of the adenylate cyclasecAMP second messenger system via the GTP-binding protein (G protein). [19] [20] [21] [22] The activation of this system markedly affects the major ionic currents, such as the inward Ca 2+ currents (ICa), Iks and Ikr, and Ito. 19, 20, 23 The net effect of these ionic currents determines the effect of -adrenergic stimulation on repolarization and it is generally recognized that the net effect of -stimulation is to accelerate repolarization; 19, 20 however, the dynamic response of repolarization to -stimulation has not been completely defined. In the present study, sympathetic stimulation transiently prolonged the MAPD30 to the same extent as the MAPD90, which suggests that ionic currents activated during the plateau phase play an important role in the prolongation of the APD. The time constant of ICa modulation by the adenylate cyclase-cAMP second messenger system might be shorter than that of Iks. Furthermore, it has been reported that a G protein stimulates ICa by both a membrane-delimited pathway (direct pathway) and an adenylate cyclasecAMP second messenger pathway (indirect pathway). [24] [25] [26] The time constant of ionic current modulation by a direct pathway is shorter than that by an indirect pathway. 25 We conjecture that the difference in the time courses of the various ionic current changes induced by -adrenergic stimulation produces the biphasic response of the APD to sympathetic stimulation. Further studies are needed to clarify the mechanisms involved in the transient prolongation of the APD by sympathetic stimulation.
Clinical Implications
Although activation of the sympathetic nervous system has been suggested as an important factor in the genesis of life-threatening arrhythmias and sudden death, 3, 6 ,27 the precise mechanisms remain unclear. Our findings provide a clue to the mechanisms involved in life-threatening arrhythmias that develop immediately after sudden sympathetic activation.
Harris et al found that in dogs the arrhythmias following stimulation of the ansa subclavia, in the presence of coronary occlusion, usually had their onset approximately 10 s after stimulation. 28 Wellens et al 10 and Wilde et al 11 reported that patients with congenital long QT syndrome suffered from torsade de pointes at 6-10 s after the sound of an alarm clock. Such timing is in good agreement with the phase of transient prolongation in the present study, suggesting a relationship between the period of APD prolongation and arrhythmias. The transient prolongation of APD would favor the onset of arrhythmias through various mechanisms. In the inhomogeneously denervated ventricle, such as after myocardial infarction, 29 the transient prolongation of the APD by sudden sympathetic activation would be spatially heterogeneous and that heterogeneous prolongation of the APD would increase the spatial dispersion of the refractory period and provide a substrate for reentry. 30 Moreover, the transient prolongation of the APD would increase the instability of ventricular repolarization and facilitate triggered activity. On the other hand, the homogeneous prolongation of the APD may act as an antiarrhythmic factor; however, clinical studies report that prolongation of repolarization is associated with an adverse prognosis in patients with organic heart disease. 31, 32 Ample clinical evidence supports the usefulness of -blockade in preventing sudden cardiac death, [33] [34] [35] and we conjecture that the attenuation of both the transient prolongation and the steady-state shortening of the APD partially explains the effect of -blockade.
Study Limitations
First, we used MAP for quantifying repolarization, but the MAP, which is a multicellular recording, reflects electrical activity integrated over a substantial area. Thus, the transient prolongation of the MAPD may be caused by the unmasking of repolarization forces that previously cancelled each other, in the same way as the paradoxical QT Circulation Journal Vol.67, October 2003 prolongation in the body surface ECG. Experimental studies, however, have shown that the MAP does reflect electrical activity from a very small area, not more than 5 mm in diameter, and reproduces the time course of the repolarization of transmembrane action potentials with high fidelity under various conditions. 12,36 Therefore, we believe there is little possibility that local shortening of the APD causes the prolongation of MAPD. Second, the stepwise sympathetic stimulation used in this study may be 'unphysiological' and studies of the dynamic APD changes after physiological stress may be necessary. Third, although we demonstrated transient prolongation of the APD after sympathetic stimulation, we have not determined whether these changes in the APD actually render the heart vulnerable. In particular, because the transient prolongation is less than the steady-state shortening, the clinical importance of the transient prolongation should be investigated. Fourth, this study was performed under anesthetized and decentralized conditions. In the physiological condition, concomitant parasympathetic nervous activity may alter the effects of sudden sympathetic activation on the APD.
Conclusion
This study demonstrated that sudden sympathetic stimulation transiently prolonged and then gradually shortened the APD. The transient prolongation of the APD after sudden sympathetic activation might play a role in the genesis of life-threatening arrhythmias by favoring reentry and triggered activity. Beta-blockade diminished both the transient prolongation and steady-state shortening of the APD.
